Suspensions of Blepharisma intermedium were fed latex particles for 5 min and then were separated from the particles by filtration. Samples were fixed at intervals after separation and incubated to demonstrate acid phosphatase activity. They were subsequently embedded and sectioned for electron microscopy. During formation of the food vacuole, the vacuolar membrane is acid phosphatase-negative. Within 5 min, dumbbell-shaped acid phosphatasepositive bodies, possibly derived from the the acid phosphatase-positive Golgi apparatus, apparently fuse with the food vacuole and render it acid phosphatase-positive. A larger type of acid phosphatase-positive, vacuolated body may also fuse with the food vacuole at later stages. At about 20 min after formation, acid phosphatase-positive secondary pinocytotic vesicles pinch off from the food vacuoles and approach a separate system of membrane-bounded spaces. By 1 hr after formation, the food vacuole becomes acid phosphatasenegative, and the undigested latex particles are voided into the membrane-bounded spaces. The membrane-bounded spaces are closely associated with the food vacuole at all stages of digestion and are generally acid phosphatase-negative. Within the membrane-bounded spaces, dense, pleomorphic, granular bodies are found, in which are embedded mitochondria, paraglycogen granules, membrane-limited acid phosphatase-containing structures, and Golgi apparatuses. The granular bodies may serve as vehicles for the transport of organelles through the extensive, ramifying membrane-bounded spaces.
INTRODUCTION
Systematic,fine structural studies of ciliate digestion have, hitherto, been confined to the Holotrichida (12, 21, 24, 25, (32) (33) (34) or the Peritrichida (4, (15) (16) (17) (18) . Recently, however, an interconnected system of membrane-bounded spaces was reported in the heterotrich, Blepharisma (10) . Subsequent observations suggested an intimate connection between the membrane-bounded spaces and the food vacuoles that was unlike anything reported in either the holotrichs or the peritrichs. On the basis of these observations a systematic study of the food vacuoles and their morphological and cytochemical changes during digestion was undertaken. The results of that study form the contents of the present report.
MATERIALS AND METHODS
Large numbers of Blepharisma intermedium (2) , in their usual bacterized culture medium, were concentrated to 20 ml. To this suspension 0.1 ml of a dialyzed suspension of 0.8 latex particles was added. 1 After 5 min in the latex-containing medium, the suspension was filtered through a polyethylene filter of large pore size in order to separate the remaining uningested latex particles. The cells were then stored in latex-free medium to allow the particle-containing food vacuoles, formed during the 5 min exposure to the latex particles, to go through the various stages of digestion. Aliquots were withdrawn, and the cells 1Dow Coming Corp., Midland, Mich.: polystyrene latex, 10% solids, run No. LS-449-E.
were fixed 5, 10, 20, and 60 min after separation from latex particles. So that very early stages of food vacuole formation could be obtained, some cells were fixed after 2y1 min of exposure to the latex particles and before separation. Fixation and subsequent incubation for the cytochemical demonstration of acid phosphatase activity followed, in their essentials, the technique outlined by Goldfischer et al. (18) . The animals were fixed in cold, 3.0% glutaraldehyde in 0.2 M cacodylate buffer, pH 7.2, for 7 min. They were then washed in three changes of buffer and stored overnight in the refrigerator. The following day, they were transferred to 0.05 M acetate buffer, pH 5.0, at room temperature for 15 min and then incubated for 15 min at 37°C in the Gomori (20) medium for the demonstration of the presence of acid phosphatase activity. Controls were maintained by the simultaneous incubation of samples in substrate-free medium. After incubation, the cells were rinsed in 0.05 M acetate buffer, pH 5.0, and postfixed in cold chrome-osmium (8) . For noncytochemical studies, some cells were fixed for 45 min in glutaraldehyde and immediately postfixed in chrome-osmium.
Dehydration was accomplished in an ascending series of ethanols and followed by embedding in Maraglas according to the method of Erlandson (13) . Sections were cut on an LKB Ultratome I ultramicrotome with a diamond knife, stained in uranyl and/or lead salts, and examined in a Siemens IA or RCA 3F electron microscope.
RESULTS

General Morphology
The general morphology of Blepharisma has been described by Kennedy (22) , and our observations are in general agreement with his. In addition to his findings, however, other features were apparent in our material. One of these features, which has been described in a previous publication (10), will be briefly reviewed here in order to provide an anatomical framework for some of the histochemical and experimental findings.
The ground substance of the cytoplasm of Blepharisma was permeated by a system of membrane-bounded spaces (MBS) (Fig. 1) . This system was composed of various elements, some of which were quite extensive and were often in intimate association with the food vacuoles. That the various elements of the MBS were apparently interconnected was shown both by anatomical confluence between the various elements and by the presence of similar material within them (10) .
A number of structures have been observed within the MBS; some of them have been previously described (10) . Very unusual structures, previously undescribed, consisted of dense, pleomorphic, membrane-limited bodies in which a variety of organelles were embedded in a granular matrix. These G (for granular) bodies were, at all times, confined to the MBS, and while they were occasionally seen in some of the smaller MBS, they were most often found in extremely large spaces (Fig. 2) . Continuity between the G bodies and the surrounding cytoplasm was never observed. The organelles embedded in the G bodies included mitochondria, paraglycogen granules, Golgi apparatuses, and, occasionally, some other structures (Fig. 3 ). Also present within the MBS were fragments of apparently intact cytoplasm. They were sometimes mixed among a cluster of G bodies (Fig. 2) . Scattered throughout the ground substance were numerous, small (approximately 0.5 X 0.05 ), membrane-limited bodies with a moderately dense interior (Fig. 4) . Their shape was variable but was generally saclike. A characteristic configuration was a dumbbell-shaped one in which a relatively narrow center was flanked on either end by a dialted portion. At times the center part was quite narrow so that the interior could not easily be resolved. In other cases, the center portion was almost as wide as the ends so that the dumbbell shape was difficult to discern. In most cases, however, some dilation of the ends was apparent. On rare occasions, dumbbell-shaped bodies were seen in G bodies (Fig. 17) .
Other membrane-limited bodies, often found mixed with the dumbbell-shaped bodies, were larger (approximately 0.5 ,u) and roughly spherical in shape. These vacuolated bodies contained discrete membrane-limited vesicles, which were often arranged in a row like beads on a string, as well as larger membrane-limited structures within an apparently clear space (Fig. 5) . Occasionally, in favorable sections, portions of the internal contents of the vacuolated bodies were seen to be continuous with the outside cytoplasm (Fig. 6) . The vacuolated bodies were especially prominent along one side of the cytopharynx where dumbbellshaped bodies were also present. Both types of bodies were abundant in the perimacronuclear area and in areas which were especially rich in paraglycogen granules.
Dictyosome-like Golgi apparatuses were distributed throughout the cytoplasm and were especi- ally numerous in areas in which the dumbbellshaped and vacuolated bodies were abundant. They generally consisted of two or three parallel, flattened saccules with swollen ends (Fig. 7) . The saccules were curved, and usually, as described by Kennedy (22) , a poorly defined membranous structure bearing small, dense granules (approximately 120 A) could be discerned on the concave side. These were almost the only examples of granular membranes that could be detected, except for a few examples of granular vesicles that were occasionally seen in the perimacronuclear area.
Food vacuoles were present, for the most part, in the posterior half of the organism, although occasional food vacuoles were found further anteriad. They often seemed to be in intimate association with the MBS. The description of the details of that association and an apparent association with various cytoplasmic bodies, as well as morphological changes in the vacuole itself, is reserved for the section dealing with the results of the latexfeeding experiment.
Acid Phosphatase Distribution
When organisms were incubated in the substrate-containing Gomori (20) medium, the dense acid phosphatase reaction product was visible in food vacuoles, in scattered cytoplasmic bodies, and, rarely, in MBS (Fig. 8 ). Cells incubated in the substrate-free, control medium showed no localized reaction product (Fig. 9) . Occasionally, nonspecific deposits of lead precipitate were seen randomly scattered throughout sections of control animals.
In the food vacuoles, the reaction product was generally confined to the inner aspects of the vacuolar wall, but sometimes it formed a rather thick layer of dense precipitate within the vacuole (Fig. 10) . It was frequently also present over FIGURE 2 A section through a large element of the MBS. Apparently intact fragments of cytoplasm appear to float in the large cavity where they are mixed with several G bodies (arrows). X 3,000.
ingested organisms. The dense reaction product was not seen in food vacuoles of cells incubated in the substate-free, control medium ( Fig. 9 ).
Both the dumbbell-shaped and vacuolated bodies were generally acid phosphatase-positive ( Fig. I 11) . The dumbbell-shaped bodies were usually intensely positive, and the reaction product was evently distributed throughout the organelle. The vacuolated bodies, on the other hand, were apparently less intensely positive. The reaction product was found in the form of small granules on the vacuolar side of both the external and internal membranes. Occasionally, individual examples of both the dumbbell-shaped and vacuolated bodies showed no reaction product even when other nearby bodies were intensely positive. Neither the dumbbell-shaped nor vacuolated bodies showed any reaction product when the organisms were incubated in the substrate-free medium (Fig.  12) .
The Golgi apparatuses were sometimes acid phosphatase-negative even when the cells were incubated in the substrate-containing medium. Frequently, however, the dense reaction product could be localized within two or three saccules FIGURE 3 A G body in a membrane-bounded space. Mitochondria (single arrow) and paraglycogen granules (double stemmed arrow) can be seen embedded in a dense granular matrix. X 24,000. ( Fig. 13) . The dense lead precipitate was not seen in the Golgi apparatuses of animals which had been incubated in the substrate-free, control medium (Fig. 14) .
The MBS were, for the most part, acid phosphatase-negative. On a few occasions, however, some elements were positive. These were usually long, cleftlike spaces especially prominent in the anterior FIGURE 6 Vacuolated bodies near a food vacuole (FV). Continuity between the surrounding cytoplasm and the interior of a vacuolated body is illustrated at the arrow. X 22,000. FIGURE 7 A Golgi apparatus consisting of three saccules and an associated granular structure. A dumbbell-shaped body is nearby (arrow). X 66,000.
end of the animal; but, very rarely, larger spaces were seen lined with the dense reaction product.
The G bodies within the MBS often contained acid phosphatase-positive structures. These were sometimes Golgi apparatuses (Fig. 15) , but more often they appeared to be similar to the vacuolated bodies which were seen in the cytoplasm (Fig. 16) . The reaction product in the G bodies was always confined to a membrane-limited structure within the G body itself. When the animals were incubated in the substrate-free medium, no localized reaction product was visible in the G bodies (Fig.  17) .
Latex-Particle Feeding Experiment
The earliest stage of food vacuole formation that was observed is illustrated in Fig. 18 . In this stage, numerous bacteria were concentrated in the forming food vacuole which was not yet closed off from the cytopharynx. The trapped bacteria were prevented from flowing back out by a curved, valvelike structure. A number of acid phosphatasepositive vacuolated bodies as well as elements of the MBS, were nearby. The limiting membrane of the food vacuole was acid phosphatase-negative.
After 2Y2 min the vacuolar membrane was still FIGURE 8 Survey view of a cell incubated in the substrate-containing Gomori medium. An intensely positive food vacuole (FV) is visible in the lower right corner. Dumbbell-shaped and vacuolated bodies, containing dense reaction product, are visible at the arrows. X 12,000.
FIGURE 9 Survey view of a cell incubated in the substrate-free, control, Gomori medium. The food vacuoles (FV) and the scattered dumbbell-shaped and vacuolated bodies (arrows) are devoid of reaction product. X 10,000.
FIGURE 10 A food vacuole in a cell incubated in the substrate-containing Gomori medium. Dense retion product is visible around the inner aspects of the vacuolar membrane. X 7,000.
FIGURE 11 Vacuolated and dumbbell-shaped bodies, containing dense reaction product, in a cell incubated in the substrate-containing Gomori medium. X 20,000.
predominantly, but not completely, acid phosphatase-negative. Numerous acid phosphatase-positive bodies, mostly of the dumbbell-shaped variety, were seen in the surrounding cytoplasm (Fig. 19) . Both the MBS and the dumbbell-shaped bodies approached the vacuolar membrane quite closely (Fig. 20) . By 10 min the vacuolar membrane was uniformly positive (Fig. 21) . Elements of the MBS were still nearby. The outer aspect of the vacuolar membrane was relatively smooth at this time.
Approximately 20 min after formation, numerous secondary pinocytotic vesicles appeared as outpocketings (approximately 0.25 u in diameter) at the borders of the food vacuole (Fig. 22) . The vesicles contained a moderately dense material along their inner aspects, and they were intensely acid phosphatase-positive (Fig. 23) . Elements of the MBS were very close by, and in some cases, the membrane of the secondary pinocytotic vesicle appeared to lie parallel to, and in contact with, the membrane of the MBS (Fig. 22) .
By 1 hr (Fig. 24) , the material within the vacuole was again highly concentrated. The acid phosphatase reaction product was, for the most part, gone, at least in those areas where the latex particles were concentrated. Furthermore, the border of the vacuole was now convoluted and showed large (approximately 0.8 A) outpocketings quite different from the secondary pinocytotic vesicles of the 20 min stage. The MBS approached the vacuolar membrane very closely, and more significantly, they contained numerous latex particles (Fig. 25) .
DISCUSSION
For the purposes of discussion, the digestion and assimilation of ingested microorganisms by a bacteriophagous ciliate may be somewhat arbi- FIGURE 12 Vacuolated and dumbbell-shaped (arrows) bodies, devoid of reaction product, in a cell incubated in the substrate-free, control, Gomori medium. X 15,500.
trarily divided into three processes. The digestive enzymes are synthesized; they are brought into contact with the prey, thus initiating digestion; and finally, the digested remains are transferred from what is essentially an extracellular space (the food vacuole interior) into the cell proper.
As other proteins, the hydrolytic enzymes are presumably synthesized on the ribosomes of the rough endoplasmic reticulum (RER) (26, 28) . In fact, cytochemical localization of acid phosphatase in the RER has been reported both in Tetrahymena (12) and in the peritrich Campanella (4, 18) where it was particularly clearly demonstrated. In Blepharisma, however, no such localization was observed. Indeed, there has, so far, been no clear demonstration of RER in this heterotrich. Most workers seem to agree that in Blepharisma the RER is only poorly developed (Jenkins, R. A.
FIGURE 13
Acid phosphatase-positive Golgi lamellae (single arrow) in close proximity to a dumbbell-shaped cytoplasmic body (unstained in this case) (double stemmed arrow) and to a vacuolated body in a cell incubated in the substrate-containing Gomori medium. X 34,000. FIGURE 14 Golgi apparatus, devoid of reaction product, in a cell incubated in the substrate-free, control, Gomori medium. X 44,000. Whether the lack of published demonstrations is due to some specific difficulty in preservation of heterotrich RER or the fact that this structure is actually significantly reduced in these forms is unknown.
The only granular membranous structure consistently observed in Blepharisma were the structures associated with the concave side of the Golgi apparatuses. Conceivably, this unclear structure represents at least part of the RER in Blepharisma. Acid phosphatase activity was, however, never localized in this structure although it was fairly frequently localized in the lamellae of the Golgi apparatus itself.
According to the criteria of some workers, the FIGURE 15 A G body in a membrane-bounded space in a cell incubated in the substrate-containing Gomori medium. Golgi lamellae, containing reaction product, are visible (arrow). X 80,000.
FIGURE 16 A G body in a membrane-bounded space of a cell incubated in the substrate-containing Gomori medium. Dense reaction product is visible in membrane-limited structures within the G body. Some nonspecific reaction product is also present. X 23,000.
FIGURE 17 A G body in a membrane-bounded space in a cell incubated in the substrate-free, control, Gomori medium. Only nonspecific deposits are present. A deposit-free, dumbbell-shaped body is also visible within the G body (arrow). X 16,000. dumbbell-shaped body, being membrane-limited and containing acid phosphatase, fulfills the definition of a lysosome (9, 27) . It might be argued however, that these structures, rather than consisting of discrete bodies, may actually be part of a larger reticular structure. In this connection, it should be pointed out that the dumbbell-shaped bodies were never seen to branch. Thus, if they are part of a larger organelle, that organelle would have to consist of a long, ribbon-like, unbranched structure with thickened edges. Such a structure was not observed. Furthermore, on rare occasions, dumbbell-shaped bodies were seen in the G bodies (Fig. 17) . Thus, the size of the hypothetical larger structure would be severely limited. It seems more likely that the dumbbell-shaped bodies are sections through flat or cup-shaped discs with thickened rims. In the absence of serial sections, however, we cannot be sure.
The relationship between the dumbbell-shaped body and the vacuolated bodies, if any, is unclear. The occasionally visible connection between the inner contents of the vacuolated bodies and the cytoplasm suggests that these bodies may arise as a result of a membrane-limited space folding back on itself and enclosing a bit of cytoplasm. In that case, the vacuolated bodies would be somewhat analogous to the autophagic vacuoles seen in other cells (9, 12) , but no distinct organelles have, thus far, been observed in these structures in Blepharisma.
The saccules of the Golgi apparatus are remarkably similar to the dumbbell-shaped bodies (compare Fig. 4 with Figs. 7 and 14, for example), and both are acid phosphatase-positive. In addition, the Golgi apparatuses are especially numerous in areas where the dumbbell-shaped bodies are particularly abundant. These three observations lead to the speculation that, perhaps, the dumbbell-shaped bodies are derived from the Golgi apparatus. If so, the origin of these bodies, assuming that they are not part of some larger structure, would be reminiscent of the origin of various metazoan lysosomes in which the Golgi has been implicated (7, (27) (28) (29) .
In Tetrahymena, on the other hand, lysosomes are reportedly derived from the acid phosphatasepositive RER (11, 12) . In those combined cytochemical and electron microscopic studies, two types of lysosomes were described. One, the so-called "primary" lysosome, is spherical in shape and unlike either the dumbbell-shaped bodies or the vacuolated bodies of Blepharisma. This structure apparently arises from a smooth portion of the RER in Tetrahymena (11, 12) . According to those studies, this structure may then fuse with a previously acid phosphatase-negative pinocytotic vesicle to form a secondary lysosome. In similar studies of peritrichs, the RER was also found to be acid phosphatase-positive (4, 18). However, no special structures comparable to primary lysosomes were found in these forms. In addition, the presence or absence of acid phosphatase activity in the Golgi apparatuses of these animals could not be determined since lead precipitate was found in this organelle in cells incubated in the control medium as well as in cells incubated in the substrate-containing medium (18) .
The second process to be discussed consists of the contact between the digestive enzymes and the ingested prey. Many optical microscopists have attributed the role of digestive enzyme carrier to the neutral red-positive granules that may be seen surrounding the periphery of newly formed food vacuoles (for a review of the earlier optical literature, see Kitching, reference 23, and Arvy, reference 1). These granules have been demonstrated to be acid phosphatase-positive (25, 31) and might therefore be classified as lysosomes. Comparable structures have been observed in electron microscopic studies of a number of ciliates. The lack of any cytochemical techniques in most of these studies, however, must make tentative, at best, the classification of these structures as neutral red granules (21, 33) , lysosomes (32), or digestive enzyme carriers (34) . In the two published combined electron microscopic and cytochemical studies of ciliate digestion, the results differ concerning the means of contact between the hydrolytic enzymes and the ingested prey. In Tetrahymena (12), contact is reportedly achieved by the fusion of the lysosomes (both primary and secondary) with the young food vacuole. Among the peritrichs, the process is apparently quite different. Instead of lysosomes approaching the young food vacuole, mitochondria and acid phosphatase-rich ergastoplasm are seen to cluster around the newly formed food vacuoles (4, 18). The acid phosphatase is then apparently transferred, in some unknown way, to the digestive vacuole (18, 19) without passing through a discrete primary lysosome-like stage.
In Blepharisma the process of bringing the digestive enzymes into contact with the ingested prey is apparently similar to that reported for Tetrahymena (12) , Paramecium (21, 33, 34) , and Colpoda (32) . The proximity of the dumbbell-shaped bodies to the: very yound food vacuole at the time the vacuole is first acquiring its acid phosphatase activity suggests that these bodies fuse, or empty into the vacuole and thus provide the vacuole with its complement of hydrolytic enzymes. The means by which the dumbbell-shaped bodies are brought to the area of the young food vacuole are unknown, but the juxtaposition of the MBS may provide a clue. Conceivably, dumbbell-shaped bodies, or Golgi apparatuses, are brought to the area of the developing food vacuole via the cytoplasmic fragments or G bodies of the MBS. Indeed, in those narrow areas between young food vacuoles and adjacent MBS, acid phosphatase-positive structures may be seen stretching between the two containing closely packed contents in a cell incubated in the substrate-containing Gomori medium. The vacuolar membrane is acid phosphatase-negative. X 21,500. cavities; this suggests the possibility of their movement from the MBS to the food vacuole.
The third process to be discussed involves the transfer of the digested remains from the food vacuole to the cell cytoplasm. This process seems to be represented in Blepharisma by the 20 min stage in which acid phosphatase-positive secondary pinocytotic vesicles arise from the vacuolar membrane. A similar transfer of dissolved nutrients from the food vacuoles by means of secondary pinocytotic vesicles, much like those described here, has been reported in Tetrahymena (12, 24, 25) , Paramecium (6, 21, 33, 34) , and Colpoda (where another mechanism may also operate) (32) , as well as in a number of peritrichs (4, 5, 14, 16, 17) .
The fate of the secondary pinocytotic vesicles, after their separation from the food vacuoles in Blepharisma, is not known. Their juxtaposition with the membranes of the MBS, however, suggests that the latter structures may be involved in this absorptive process. Conceivably, the contents of the secondary pinocytotic vesicles enter the MBS and are then transported to other parts of the cell.
In Paramecium (33, 34) , the secondary pinocytotic vesicles were described as opening into the cytoplasm by the dissolution of part of their membranes, but this has not been illustrated. In the peritrichs, the secondary pinocytotic vesicles were reported as becoming flattened, through dehydration, into "cupules" which empty their residual contents back into the aging food vacuoles (4, 16) .
A fairly clear relationship between the MBS of Blepharisma and the 1 hr food vacuole has been seen. At this time, the undigested latex particles and presumably any other undigested remnants are transferred from the food vacuole to the MBS. The ultimate fate of these remnants is unclear. No doubt, however, they are transported through the MBS to some point, perhaps the cytoproct or the contractile vacuole, and are finally ejected from the cell. On this basis, we may consider the MBS as a kind of subcellular transport device. This function has been strongly indicated at the 1 hr stage during digestion, but it may also operate earlier in the digestive cycle. Thus, we have suggested that acid phosphatase-containing structures perhaps in the form of Golgi apparatuses, are, perhaps, brought to the area of the developing food vacuoles via the MBS. Furthermore, there is some suggestion that digested nutrients may enter the MBS from the secondary pinocytotic vesicles of the 20 min stage. Further studies, with smaller tracer particles, are currently underway in our laboratory to test the latter possibility.
It is in connection with transport that the significance of the G bodies, the most remarkable structures within the MBS, may, perhaps, be understood. The presence within them of so many apparently intact organelles, i.e. paraglycogen granules, mitochondria, Golgi apparatuses, and other acid phosphatase-containing structures, may lead one to speculate that the G bodies serve as vehicles to transport these organelles within the MBS which ramify through the large cell. Numerous light microscopic observations of living blepharismas have revealed the frequent occurrence of "saltatory" (30) motion of individual particles (Hirshfield, H. I. Unpublished observations.). This action is unrelated to cell division and evidently occurs at all stages of the life cycle. With the hindsight afforded by the present findings, one may reasonably consider the possibility that the particles undergoing saltatory motion are the G bodies moving through a channel-like element of the MBS. The microtubules that have previously been reported to be in association with the channels (10) may provide the motive force necessary to move the particles within the spaces. A somewhat similar function has been attributed to microtubules in Fundulus melanophores, although no discrete membrane-bounded channels were present in those cells (3) .
The origin of the G bodies is suggested by those sections in which numerous fragments of apparently intact cytoplasm were mixed with G bodies in the larger elements of the MBS. Although some of the apparent cytoplasmic fragments may actually, in some other plane of section, be continuous with the cytoplasm surrounding the MBS, others are probably freely floating within the MBS. This impression was obtained from the examination of numerous sections through quite large MBS in which the fragments were present near the center of the cavity. Furthermore, examples of fragments which appeared intermediate in shape, density, and structure between the normal-appearing cytoplasm and G bodies were frequently seen. At no time was any continuity observed between these intermediate forms, or between recognizable G bodies, and the surrounding cytoplasm.
